The syntheses and single crystal X-ray structural analysis of five novel hetero-and homometallic µ 3 -oxo trinuclear cluster with the formula [Fe 2) and Co (4.7; 55.37; +11.2; +10.9). A limiting D mechanism is assigned to these exchange reactions. This assignment is based on a first-order rate law, the detection of intermediates, the positive and large entropies and volumes of activation. The order of reactivity k Co > k Ni is expected for a D mechanism at these metal centers: their low exchange rates are due to their strong binding with the 4-Rpy donor. Surrounded by oxygen donors the d 5 iron(III) usually reacts associatively; however, here due to low affinity of this ion for nitrogen the mechanism is D and the rate of exchange is very fast, even faster than on the divalent ions. There is no significant effect of the divalent ion in cluster 2, 3, and 5 on the exchange rates of 4-Phpy at the iron center, which seems to indicate that the specific electronic interactions between the three ions making the clusters do not influence the Fe III -N bond strength.
Introduction
Solvent exchange reactions on metal cations are among the simplest chemical reactions. They are considered as fundamental reactions for metal ions in solution, in particular for the understanding of complex-formation reactions and of redox processes.
1-6 Only a few experimental techniques are available to determine solvent exchange rate constants directly. Nuclear magnetic resonance (NMR) spectroscopy has shown the widest range of application. For example, variable pressure oxygen-17 NMR revealed the progressive changeover in the water exchange mechanism for high-spin divalent and trivalent 3d octahedral aqua ions. 7, 8 As the number of d electrons increases and the ionic radii decrease along the 3d series the mechanism changes from an associative interchange I a to a dissociative I d mechanism after the d 5 configuration. 5, 9 This was inferred from the values and the change in sign of the activation volumes. The rates of water exchange on metal ions covers almost 20 orders of magnitude. 5 The difference of reactivity between labile and inert complexes was largely used to assign inorganic reaction mechanisms. For example, the water exchange rate of Cr III is one of the lowest, but Cr II is extremely labile. This significant difference in reactivity of chromium complexes was used to demonstrated the mechanism of electron transfer. [10] [11] [12] Another example concerns Co III and Co II , which shows also a large increase in reactivity from their inert low spin trivalent to their labile high spin bivalent complexes. 13 This situation can be changed in hetero-and homometallic cluster compounds and also in nanoparticles where metal-metal magnetic interactions modify the electronic structure and the metal-ligand chemical bonding.
14 These type of species are interesting models for surface structures and kinetics in heterogeneous catalysis, for molecular geochemistry, bioinorganic chemistry, etc. [15] [16] [17] [18] Among the clusters, the family of hetero-and homometallic µ 3 -oxo trinuclear compounds [ [46] [47] [48] [49] [50] [51] [52] [53] In these trinuclear monocataionic species the kinetic behavior dramatically differs from that observed in the corresponding trivalent hexaaqua ions: faster water exchange rates, and D exchange mechanisms instead of I a were observed. This was assigned to a trans effect of the central oxide ion and to additional cis effects of the bridging carboxylates. 46 The goal of our study is to analyze the kinetic behavior of labile 3d heterometallic and mixed valence clusters. We report the syntheses and X-ray structural analysis of five novel hetero-and homometallic µ 3 -oxo trinuclear clusters of general formula [ Figure 1 ) of the compounds were confirmed in solution by NMR integration of the acetate and pyridine ligand protons in the presence of added ligand. The Fe(III)/M(II) molar ratios were verified by ICP analysis for the heterometallic clusters used in the mechanistic study: 2.02 for 3(Fe 2 Co), 2.00 for 4(Fe 2 Ni), and 2.00 for 5(Fe 2 Co). IR spectra are given in the Supporting Information ( Figure S1 ). The crystals used for the X-ray analysis were directly taken from acetonitrile solutions, to minimize degradation with loss of lattice acetonitrile.
2.2. X-ray Crystal Measurements. Data collections for all compounds have been obtained at low temperature using Mo KR radiation. The equipment used was an Oxford Diffraction Sapphire/ KM4 CCD (1, 2, 4 and 5) and a Bruker APEX II CCD (3) having both kappa geometry goniometers. Data were reduced by Crysalis PRO 59 (1, 2, 4, and 5) and EvalCCD 60 (3). Semiempirical 61 absorption correction was applied to two data sets (2 and 3). Structure solutions and refinements have been carried out by SHELXTL. 62 Crystal structures were refined using full-matrix leastsquares on F 2 with all non-H atoms anisotropically defined (except for disordered solvent molecules). The hydrogen atoms were placed in calculated positions by means of the "riding" model. Disorder problems concerning the phenyl ring of the pyridine ligands, some bridging acetates as well as the solvent molecules have been found in all structures. These disorders have been treated using the split model in the case of the phenyl rings or the acetates, whereas in the case of the solvent it has been treated by means of an isotropic and restrained (DFIX) treatment.
2.3. NMR Measurements. All samples were prepared under N 2 atmosphere by weighing the complexes directly in 5 mm NMR tubes and adding 0.50 mL of CD 2 Cl 2 . The 1 H chemical shifts were referred to TMS using the residual signals from the solvent CHDCl 2 (5.32 ppm). The concentrations of the complexes were about 10 mM and an excess of 4-Rpy was used in order to follow the ligand exchange process and to avoid a possible dissociation of the cluster 
where n is the number of data and p is the number of refined parameters.
µ 3 -oxo Trinuclear Clusters coordinated ligands. The 1 H and 19 F NMR spectra were recorded on a Bruker DRX-400 spectrometer (9.4 T, resonance frequencies: 400.2 and 376.5 MHz, respectively). Typical spectral conditions for 1 H and 19 F NMR were 8k data points for the time domain, the spectrum window was set to 78 ppm, and the number of scans chosen was 32 and 512. The temperature was controlled within (0.1 K using a Bruker BVT 3000 unit and was measured before or after spectral acquisition using a substitution method. 63 Highpressure high resolution spectra were monitored using a home-built narrow bore probe (5 mm NMR tube). 64 2.4. NMR Data Analysis. Line widths and integrals of NMR signals were obtained by fitting Lorentzian functions to the experimental spectra using the "NMRICMA 3.0" 65 program for MATLAB. The adjustable parameters are the resonance frequency, intensity, line width, baseline, and phasing. Data analysis was carried out with the nonlinear least-squares fitting program VISU-ALIZEUR-OPTIMISEUR 66 for MATLAB, using the LevenbergMarquard algorithm. Figure 1 . Crystallographic data, selected bond distances, and angles are presented in Tables 1 and 2 . Beside the neutral trinuclear complex all crystals 1-5 contain variable amounts of acetonitrile and three of them 1-3 also contain noncoordinated 4-phenylpyridine.
Results

X-ray Measurements. The oxo-centered trinuclear molecularstructuresoftheseriesofnewcompounds[Fe
The trinuclear skeletons are very similar to those of other trinuclear chromium(III) and iron(III) carboxylates. [34] [35] [36] 55, 57 The three metal ions lie at the corners of an isosceles, nearly equilateral, triangle with the Fe-M distances exceeding the includes five metal oxygen bonds and one metal-nitrogen bond in a slightly distorted octahedral (excentered metalion) environment. In all X-ray structures reported for trinuclear clusters with two iron centers, the pyridine ligands are nearly parallel to or perpendicular to the Fe 2 MO plane. All four possible isomers having 3, 2, 1 or 0 pyridine coplanar with the Fe 2 MO plane have been reported. 29 In compound 1-4 the two 4-Phpy linked to the Fe are coplanar and the third one linked to M is perpendicular to the Fe 2 MO plane. In compound 5 the three 4-CF 3 py molecules are coplanar with the Fe 2 CoO plane.
The localization of the divalent metal in the M III 2 M II O structures is not trivial and has been the subject of numerous discussions. 33 The above assignments mainly based on existing planes of symmetry along the N-M-(µ 3 -O) axis is coherent with the bond distances and angles expected for Fe III and M II transition metal ions. We have also calculated the valence bond parameters (Table 2) , which confirm these assignments.
67,68
The understanding of the solid-state behavior of 2(Fe 2 Fe) is of particular interest for the interpretation of its NMR spectra in solution. The NMR spectra of compound 1(Fe 2 Mn) shows very broad overlapping signals due to the slow electronic relaxation of high spin Mn II in the S ) 5/2 ( 6 A 1g ) configuration (see Supporting Information, Figure S4 ). For this reason, NMR kinetic studies were not performed on this compound.
The signal assignments of the trinuclear clusters (2-5) have also been confirmed by the temperature evolution of the NMR transverse relaxation rates and by the resulting kinetic parameters (see kinetic part). Further the solution NMR investigation demonstrates the persistence in solution of the solid state X-ray determined structure of the heterometallic (3-5) and mixed valence (2) trinuclear clusters.
NMR Kinetics. In dichloromethane the exchange reactions between the 4-Rpy ligand coordinated in [Fe III
2 M II -(µ 3 -O)(µ-Ac) 6 (4-Rpy) 3 ] and an excess of the 4-Rpy ligand are slow on the NMR time scale. This allows one to determine separately the exchange rates for 4-Rpy coordinated to the trivalent (eq 1) and to the divalent (eq 2) metal ions for compounds 3(Fe 2 Co), 4(Fe 2 Ni), and 5(Fe 2 Co). [ Within the slow exchange approximation the observed transverse relaxation rate of the coordinated protons 1/T 2 () π × line-width) is the sum the paramagnetic line-broadening 1/T 2m , dominant at low temperature, and 1/τ, dominant at high temperature (eq 3). The rate of exchange k of a particular ligand molecule is the inverse of its mean residence time τ in the coordinated site. The temperature dependence of 1/T 2m which incorporates dipolar and contact contributions is assumed to follow an Arrhenius behavior (eq 4). The temperature dependence of the kinetic contribution is described by the Eyring equation (eq 5).
)] (5)
The results of the fit of the transverse relaxation rates are shown in Figures 7-9 and the resulting kinetic parameters are reported in Table 4 (the paramagnetic relaxation parameters are given in Table S16 , Supporting Information).
For the exchange of 4-Phpy coordinated to Fe III in 3(Fe 2 Co) a simultaneous analysis of the transverse relaxation rates for 2H, 3H, 2′H protons was performed (Figure 7a ). For the 4-Phpy coordinated to Co II the 1/T 2 temperature dependence is as expected monoexponential at low temperature for the 3H pyridine protons, but this is clearly not the case for the 2′H phenyl protons. The increase of the slope at low temperature of ln(1/T 2 ) for the 2′H protons is not of a simple paramagnetic relaxation (Figure 7b ). For these protons we used a double exponential to better describe the paramagnetic contribution. This procedure does not affect the kinetic parameters which are well defined by the simultaneous fit of the relaxation data for 2′H(Co) and 3H(Co) (see Figure 7b) .
The exchange of 4-Phpy coordinated to Fe III (Figure 7c ) and to Ni II (Figure 7d ) in 4(Fe 2 Ni) were both followed on the 2′H phenyl protons ( Figure S1 , Supporting Information). The paramagnetic broadening of the 2′H(Fe) signal is large, but with a negligible temperature dependence. The paramagnetic transverse relaxation rates of the proton of 4-Phpy , are related by the populations of the ligand in these sites P Fe , P Co , and P L through eq 6. The outersphere transverse relaxation term 1/T 2os (Arrhenius behavior) has been added to take into account the small distant interaction of the free ligand with the paramagnetic centers (eq 7). The excellent quality of the fits demonstrates the validity of the kinetic models and the absence of paramagnetic impurities in solution.
Because of the fast intramolecular electron transfer process at the NMR time scale it is not possible to separate the ligand exchange contribution on the Fe III and Fe II centers of 2(Fe 2 Fe). In this case the observed transverse relaxation rate of the average signals is related to the exchange rate constants (k Fe(III) and k
Fe(II)
), the populations (P Fe(III) ) 2/3 and P Fe(II) ) 1/3) and the paramagnetic line-broadening (1/T 2m Fe(III) and 1/T 2m
) of the two sites through eq 8. 
As expected the paramagnetic relaxation behavior is the same for both compounds (low T) (Figure 9 ). What is more interesting is the identical kinetic behavior (high T), despite the 2.4 larger excess of free 4-Phpy for the experiment with the deuterated acetate. This is a proof for a first-order behavior for the ligand exchange reaction (first order in coordinated and zero-order in free ligand . The differences in the k values stem from the different prefactors values in eqs 9a-9c and will be discussed below.
3.4. Variable Pressure NMR Kinetics. Measurements of the transverse relaxation rate of protons of the coordinated pyridines were performed as a function of pressure up to 200 MPa, at constant temperature, in order to determine the activation volumes ∆V ‡ for the pyridine exchange reactions (eqs 1 and 2) for compounds 2-5. The pressure has an effect on both components of 1/T 2 (eq 3) as given by eqs 10 and 11.
The variable pressure experiments were performed at high temperature to maximize the kinetic contribution k and minimize the paramagnetic contribution 1/T 2m (eq 3). The ∆V m ‡ values are mainly related to the changes of viscosity and to the related changes of the rotational correlation time with pressure. In order to estimate separately the ∆V m ‡ values, we analyzed the data of the acetate signals, free of kinetics contribution, for compounds 3-5 (Tables S14 and S15 Table 4 ). In the 1/T 2 (P) data fitting procedure we fixed 1/T 2m P)0 to the value calculated from the parameters obtained in the variable temperature study and left as single II electron exchange. Here the effect of pressure was followed and analyzed simultaneously for the 2H and 3H protons of coordinated 4-Phpy. The difference in the observed ln(1/T 2 ) slopes is due to different paramagnetic contributions to the two signals. Note that the value of the activation volume is independent of the kinetic model chosen (eqs 9a-9c). For 4(Fe 2 Ni) the paramagnetic contributions to 1/T 2 are very important (see Figure  7) . The broad signal of the 3H proton of 4-Phpy coordinated to Fe III was too small to be followed in the less sensitive high pressure probe. Measurements were performed on the Ni center at a low temperature (257.4 K) to have a direct access to ∆V m ‡ and at the highest possible temperature (319.8 K) to have a maximum kinetic contribution. Both sets of data were analyzed simultaneously (Figure 10c ).
Discussion
The interest in µ 3 -oxo trinuclear clusters was driven in the past by the possibility to incorporate different metal ions and to create heterometallic and mixed valence species with original spectral and magnetic properties. 84 In this paper we present the first examples of variable temperature and pressure NMR kinetic analyses of labile 3d heterometallic and mixed valence paramagnetic clusters Fe Table 4 . The exchange rate constants on the heterometallic trinuclear clusters 3-5, observed in dichloromethane, are in the slow line-broadening exchange domain on the NMR time scale which allowed determining separately the exchange rates on the trivalent Fe III and on the divalent Co II and Ni II sites. This separation is not possible for the mixed valence trinuclear cluster 2(Fe 2 Fe) due to the fast electron exchange between Fe III and Fe II at the NMR time scale. Even at the lowest temperatures one observes only a weighted average of the paramagnetic contributions from the Fe III and Fe II sites, and no extra line broadening due to a kinetic fast exchange ∆ω 2 /k term (∆ω is the difference in the resonance frequencies between both Fe sites). In other words, the signals are kinetically totally coalesced for the intramolecular electron transfer process even down to 159 K (see also Figure 3 ). Above 240 K the coalesced signals start to broaden due to the intermolecular exchange of coordinated 4-Rpy with free one. NMR spectroscopy does not permit the assignment of this process to the exchange from the Fe III or/and Fe II site(s), and recourse has to be made to other arguments. The X-ray data of 5(Fe 2 Fe) shows an important spin trapping in the solid-state structure at 140 K (Figure 11 ). The differences between the Fe III and Fe II distances in this compound are much larger than those observed between Fe III and M II in compounds 1, 3, and 5. A direct indicator of spin trapping, beside the structural data shown in Table 3 , is Mössbauer spectroscopy. The Mössbauer spectra for the analogue compound [Fe 2 Fe(µ 3 -O)(µ-O 2 CCH 3 ) 6 (py) 3 ] from 120 to 315 K consist of two quadrupole-split doublets in a 2:1 ratio. The more intense doublet is for the two Fe III , whereas the other doublet arises from the single Fe II . Oh et al. 29, 30 conclude to an intramolecular electron-transfer rate e10 Fe 2Fe), 3(Fe2Co), 4(Fe2Ni), and R ), leading to the assignment of an I mechanism for the latter solvate. In the clusters studied the ∆V ‡ values for 4-Rpy exchange at the Fe III site lie between +10.6 and +14.2 cm 3 mol Figure 12 ), in which 4-Phpy was partially substituted by solvent molecules, especially by acetonitrile which is contained as crystallization solvent in the synthesized compounds. The bottom spectrum of Figure 12 shows that the excess of pyridine type ligand shifts the equilibrium and suppresses the dissociation. In these excess ligand conditions the amounts of dissociated forms are very small (not detectable by NMR) and could therefore be neglected in the NMR kinetic analysis. All these observations together allow concluding to a limiting dissociative D mechanism at the three metal centers Co II 2+ complexes: Mn 2+ (0.14) < Fe 2+ (0.6) < Co 2+ (1.14) < Ni 2+ (1.78). 110 More stable is the complex, smaller will be the rate of breaking of the metal-nitrogen bond. This order, even if the rate constants are smaller is preserved for the 4-Phpy exchange rates: Co 2+ > Ni . For 3(Fe 2 Co) and 5(Fe 2 Co), similarly to the observation made for the Fe III center, one observes an increase in reactivity when replacing 4-Phpy by the less basic 4-CF 3 py ligand.
Conclusions
Five µ 3 -oxo trinuclear clusters 1-5 were synthesized and structurally characterized by single crystal X-ray diffraction. The persistence of the structure of compound 2-5 in dichloromethane solution in the temperature range 190-320 K was demonstrated by 1 H and 19 F NMR spectroscopy. Even at the lowest temperature, the electron exchange in the homometallic mixed-valence compound 2(Fe 2 Fe) is in the fast regime at the NMR time scale. The full assignment of the NMR signals gave the opportunity to perform a unique selective kinetic analysis of the fast ligand exchanges at the two different labile metal centers in these clusters. A limiting D mechanism is assigned to these exchange reactions. This mechanism assignment is based on a first-order rate law, the detection of intermediates, the positive and large entropies and volumes of activation.
The observation of a D mechanism at the Ni II and Co II centers with a higher reactivity at the latter is consistent with the expectation for d 7 and d 8 ions. This reactivity is much lower than the reactivity of their oxygen donor solvates due the higher affinity of these ions for the 4-Rpy nitrogen donor atoms. On the contrary at the Fe III center, the exchanges which are slow and usually associative if it surrounded by oxygen donors, become dissociative and faster than the two divalent ions in the cluster due to the weak bonding affinity of Fe III for nitrogen donors. Interestingly, we do not observe a significant effect of the divalent metal ion in the cluster (Fe, Co and Ni) on the exchange rate of 4-Phpy at the Fe III center, which seems to indicate that the electronic interactions between the three ions making the clusters do not influence the Fe III -N bond strength. On the other hand, the paramagnetic chemical shifts and relaxation rates of the 4-Phpy protons coordinated to the Fe III center are strongly affected by the nature of the divalent ion.
